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Hydrogen sorptionThis work investigates the structural properties of cobalt doped silica samples prepared by sol–gel synthesis.
Air calcination led to the formation of Co3O4 particles as evidenced by XRD and FTIR tests, although these fea-
tures were no longer apparent for hydrogen-reduced samples. This behavior suggests the formation of metal-
lic Co and CoO in the reduced samples. The variation of the cobalt content embedded in the silica matrix
resulted in a change in texture of the prepared materials from microporous to mesoporous. This was attrib-
uted to the agglomeration of particles as observed in TEM micrographs, which led to larger particles and
pores. The latter was associated with the formation of hysteresis loop in the nitrogen adsorption isotherms
as a function of the [Co/(Si + Co)] molar ratio. This effect was more remarkable for reduced samples, leading
to a further broadening of the hysteresis loop that stemmed from the reduction or loss of oxygen from cobalt
oxide particles.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The formation and entrapment ofmetal clusters in glassmatrices are
very attractive for applications in opto-electronics [1,2], catalysis [3,4],
sensors [5,6], waste disposal [7,8], and gas separation [9,10]. As amor-
phous silica produces ﬂexible structures, a number of metal compo-
nents can be incorporated into its framework without structural
collapse. The interaction played by the metal oxide in the silica matrix
tailors the ﬁnal structure of the prepared material. This is particularly
important for tailoring the pore size of materials intended for use in
separation processes.
Several methods are commonly used in the preparation of metal-
doped glasses, including melt-glass fabrication processes [11,12], ion
implantation [13,14], and sol–gel technique [15,16]. Among these prep-
aration techniques, the sol–gel process provides a ﬂexible chemical
route to prepare materials with tailored properties, including composi-
tion, surface chemistry, and pore structure [17]. It is well established
that the formation of oxide clusters in the framework of sol–gel derived
materials is related to the interaction between the precursors of theunes), wlv@demet.ufmg.br
rights reserved.matrix and the oxide particles [18]. Indeed the sol–gel route's attrac-
tiveness lies in the use of colloids to obtain molecular structures. This
methodology has been widely used in the production of an array of
novel materials.
Cobalt oxide silicamaterials are starting to be of great interest in gas
separation processes, in addition to catalysis. Battersby et al. [19]
showed the potential of cobalt doped silica membranes as membrane
reactors for hydrogen separation in the water gas shift reaction. Several
authors reported that cobalt embedded in silicamatrices produced high
quality membranes with enhanced hydrostability [20,21]. More impor-
tantly, addingmetal oxides to silica ﬁlms has improved hydrogen trans-
port and separation, attributed to the hydrogen sorption effect of metal
in oxide particles [22]. The central issue related to the improved perfor-
mance of silica derived materials is the integration of cobalt oxide par-
ticles into silica matrices via the sol–gel process. Although there are
several works on the application of these materials, there is a lack of
fundamental investigation on the effects of calcination and reduction
on the formation of cobalt oxide silica and cobalt silica materials.
This work investigates the structural properties of cobalt embedded
either as cobalt oxide or metallic cobalt into silicas derived from sol–gel
synthesis. The effect of cobalt integrated into the silica matrices was
studied as a function of the [Co/(Co + Si)] molar ratio. The prepared
materials were examined by inductively coupled plasma atomic
Fig. 1. (a) Powder XRD patterns of silica samples obtained in this work. (b) Size of Co3O4 and metallic Co crystallites as a function of the [Co/(Si + Co)] molar ratio. (I) Cobalt-doped
sample reduced in hydrogen atmosphere (Co/(Si + Co) molar ratio = 0.3). (II) Cobalt-doped sample calcined in air (Co/(Si + Co) molar ratio = 0.3). (III) Blank silica sample. The
dotted lines are used only as a guide to the eyes.
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copy (FTIR), thermogravimetric (TG) analysis, differential scanning cal-
orimetry (DSC), X-ray powder diffraction (XRD), transmission electron
microscopy (TEM), and gas sorption tests.2. Experimental details
The silica sol was prepared bymixing tetraethyl orthosilicate (TEOS/
Sigma-Aldrich, 98%), deionized water, cobalt nitrate hexahydrate
(Co(NO3)2·6H2O/Sigma-Aldrich, 98%), ethanol (EtOH/Sigma-Aldrich,
≥99.5%), and nitric acid (HNO3/Sigma-Aldrich, ≥90%). The molar
ratio of the obtained solutions was kept at 1 TEOS:4 EtOH:0.0005
HNO3:6 H2O. The [Co/(Si + Co)] molar ratio ranged from 0.1 to 0.4. A
pure or blank silica sample was also produced for comparison
purposes. The obtained sols were dried at 60 °C for 120 h. The
as-prepared samples were heat treated in air at 600 °C for 4 h, using
a heating rate of 2 °C/min. A fraction of the cobalt-doped samplesFig. 2. FTIR spectra of samples prepared in this work. (I) Cobalt-doped sample reduced
in hydrogen atmosphere (Co/(Si + Co) molar ratio = 0.2). (II) Cobalt-doped sample
calcined in air (Co/(Si + Co) molar ratio = 0.2). (III) Blank silica sample.were further heated in hydrogen ﬂow (200 mL/min) at 500 °C for
15 h to reduce the cobalt oxides present in the silica framework.
The cobalt concentration in samples prepared in this workwas eval-
uated by ICP-AES, using a Perkin Elmer AAnalyst 300 spectrometer. TG
and DSC curves were obtained using TGA-50 and DSC-50 Shimadzu ap-
paratus in the temperature ranges of 40–1000 °C and 40–400 °C, re-
spectively. Both DSC and TG tests were performed using a heating rate
of 10 °C/min and under nitrogen ﬂow (20 mL/min). XRD was carried
out using a Philips-PANalytical PW 1710 diffractometer, with Cu KαFig. 3. (a) TG curves of blank (I) and cobalt-doped (II) silica samples heat treated in air.
(b) DSC curves of air-calcined samples. BS and CDS represent, respectively, blank and
cobalt-doped silica samples. CDS (0.1) correlates to cobalt-doped sample prepared
using a [Co/(Si + Co)] molar ratio of 0.1, and so on.
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taken in the angle range from 10° to 80° (2θ), using a scan speed of
0.06°/min. Identiﬁcation of crystalline phases present in the samples
was performed using the JCPDS ﬁle numbers 15-0806, 78-1970, and
42-1467 for metallic Co, CoO, and Co3O4 phases, respectively. FTIR
samples were prepared as pellets with KBr and examined in a
Perkin-Elmer Spectrum 1000 spectrometer. The spectra were taken
in the range from 4000 cm−1 to 300 cm−1, with a resolution of
4 cm−1 and 128 scans. The obtained spectra were normalized using
the band at 1080 cm−1 as reference. TEM was carried out in a Tecnai
G2-20-SuperTwin FEI microscope. Samples used in TEM tests were
dispersed in EtOH and sonicated for 30 min. Next, the obtained sus-
pensions were dripped onto carbon-coated TEM grids. After drying
at room temperature, these grids were used in TEM tests.
Gas sorption experiments were performed in a Micromeritics ASAP
2020 apparatus. Samples used in nitrogen sorption tests were degassed
at 130 °C for up to 48 h under vacuum. Speciﬁc surface areas and pore
size distributionswere assessed by the BET andNLDFTmethods, respec-
tively. Hydrogen chemisorption was carried out in samples initially
degassed at 350 °C for 24 h under vacuum followed by purging with
helium at 150 °C for 1 h. Subsequently, the samples were reduced
under hydrogen ﬂow at 500 °C for 2 h, followed by evacuation for 1 h
at the same temperature. Thereafter, samples were allowed to cool
down to the chemisorption temperature (150 °C). Both the total and re-
versible isotherms were collected. The linear portion of the obtained
isotherms was extrapolated to zero pressure in order to evaluate both
the total and reversible hydrogen uptakes. The irreversible hydrogen
uptake was evaluated by subtracting the total and reversible uptakes.
The obtained values were further used in the assessment of the disper-
sion of cobalt particles in the silica framework.
3. Results
Fig. 1a exhibits the XRD patterns of silica samples obtained in this
work. The XRD pattern of the blank silica (curve-III) suggests the for-
mation of an amorphous structure, identiﬁed by the absence of
well-deﬁned XRD lines and the presence of a broad diffuse halo at
about 23° (2θ). Co3O4 is the major phase present in cobalt-dopedFig. 4. Nitrogen sorption isotherms of samples heat treated in air (a) and hydrogen (b) atmo
(0.1) correlates to cobalt-doped sample prepared using a [Co/(Si + Co)] molar ratio of 0.1,samples heat treated in air (curve-II). Upon reduction in hydrogen at-
mosphere the features related to this phase were no longer apparent
(curve-I). However, XRD lines related to metallic cobalt and CoO are
observed in hydrogen-reduced samples. Fig. 1b shows the size of
Co3O4 and metallic Co crystallites as a function of the [Co/(Co + Si)]
molar ratio used in the syntheses. The size of these crystallites was
assessed using the Scherrer equation and considering the XRD lines
at 36.9° (Co3O4) and 44.3° (metallic Co). It was observed that the
crystallite size increased when the [Co/(Si + Co)] molar ratio is in-
creased in the range of 0.1 to 0.3. However, it remained nearly con-
stant for [Co/(Si + Co)] molar ratios above 0.3.
Fig. 2 depicts the FTIR spectra of blank (curve-III) and cobalt-doped
silica samples (curve-II and III). The absorption band at 460 cm−1 in all
curves is related to the bending mode of Si\O\Si bonds. The bands at
806 cm−1 and 1080 cm−1 in all curves are associated, respectively,
with the symmetric and asymmetric stretching modes of these bonds
[23,24]. The features at 960 cm−1 and 1650 cm−1 in all curves are as-
cribed to Si\OH groups and physisorbed water [25]. The bands at
2350 cm−1 are related to atmospheric CO2 [26]. The broad band cen-
tered at about 3450 cm−1 is assigned to the presence of OH groups in
the silica framework [27]. Two distinct absorption bands were observed
in the FTIR spectra of cobalt-doped samples heat treated in air. These two
features are related to Co3O4 [28]. It was noticed that the cobalt-doped
samples heated in hydrogen atmosphere did not show these bands.
Fig. 3a shows the TG curves of blank (I) and cobalt-doped silica sam-
ples heat treated in air (II). Themass loss at temperatures of up to 120 °C
is ascribed to the removal of physisorbed water [29]. The mass loss from
200 °C to 600 °C is related to silica dehydroxylation [30]. The sharp de-
crease in weight showed by cobalt-doped samples at temperatures
above 850 °C could be related to the following reaction [31,32]:
2Co3O4ðsÞ→6CoOðsÞ þ O2ðgÞ: ð1Þ
Fig. 3b depicts DSC curves of samples heat treated in air. For the
sake of clarity not all the obtained spectra are shown in this ﬁgure.
It was observed that the greater the amount of cobalt in the silica
framework, the smaller the DSC peak at about 100 °C related to the
removal of physisorbed water from samples.spheres. BS and CDS represent, respectively, blank and cobalt-doped silica samples. CDS
and so on.
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treated in air. According to IUPAC [33], these isotherms are typical of
mesoporous materials. It was observed that the hysteresis loop became
wider when the [Co/(Co + Si)] molar ratio is increased. In addition, the
hysteresis loop shifted from partial pressures between 0.4–0.6 (BS and
CDS 0.1) and 0.6–0.8 (CDS 0.4). BS and CDS represent blank silica and
cobalt-doped silica samples, respectively. CDS (0.1) correlates to the
cobalt-doped sample prepared using a [Co/(Si + Co)] molar ratio of
0.1, and so on. Fig. 4b depicts the sorption isotherms of these samples
after reduction in hydrogen atmosphere, which resulted in a much
wider hysteresis loop when compared to air-calcined samples.Fig. 5. Speciﬁc surface areas and mean pore sizes of samples heat treated in air (a) and
hydrogen atmospheres (b). (c) Total and micropore volumes of these materials. The
dotted lines are used only as a guide to the eyes.Fig. 5a and b display the speciﬁc surface area and mean pore size
of samples heat treated in air and hydrogen atmospheres, respec-
tively. Fig. 5c shows the total and micropore volumes of these mate-
rials. It was observed that for air-calcined samples the higher the
[Co/(Si + Co)] molar ratio, the lower the speciﬁc surface area and
micropore volume. On the other hand, the higher this molar ratio,
the greater their mean pore size and total pore volume. Hydrogen-
reduced samples also showed an increase in their mean pore size as
the aforementioned molar ratio was increased. The initial addition of
cobalt led to an increase of the speciﬁc surface area and total pore
volume in hydrogen-reduced samples. Nonetheless, further additions
of cobalt do not seem to alter these properties. No clear trend was ob-
served for the micropore volume of samples heat treated in hydrogen
atmosphere.
Fig. 6a depicts the total, reversible, and irreversible hydrogen up-
takes for cobalt-doped samples. Both the total and irreversible hydro-
gen uptakes tend to increase when the [Co/(Co + Si)] molar ratio is
increased. Fig. 6b shows the cobalt concentration and dispersion of
cobalt particles in these samples. It was observed that the greater
the [Co/(Co + Si)] molar ratio, the lower the dispersion of cobalt par-
ticles and the higher the cobalt concentration. The TEM micrographs
in Fig. 7 show the presence of particle agglomerates in cobalt-doped
samples.4. Discussion
XRD analysis revealed that the blank silica sample showed pat-
terns typical of amorphous materials. Cobalt-doped samples calcined
in air exhibited Co3O4 as the major phase although this phase was no
longer apparent for the reduced samples. However, CoO was ob-
served in the XRD patterns of hydrogen-reduced samples as reportedFig. 6. (a) Total, reversible, and irreversible hydrogen uptakes for cobalt-doped sam-
ples heat treated in hydrogen atmosphere. (b) Cobalt concentration and dispersion
of cobalt particles in these samples. The dotted lines are used only as a guide to the
eyes. *Evaluated by ICP-AES.
Fig. 7. TEM micrographs of samples prepared in this work. (I) Blank silica. (II–III) Cobalt-doped sample calcined in air. (IV) Cobalt-doped sample reduced in hydrogen atmosphere.
The scale bars correspond to 10 nm (I) and 50 nm (II–IV).
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of this reduction process can be described by the following reactions:
Co3O4 gð Þ þH2 gð Þ→3CoO sð Þ þH2O gð Þ; ð2Þ
CoO sð Þ þH2 gð Þ→Co sð Þ þH2O gð Þ: ð3Þ
In addition, the Co3O4 and Co crystallites tended to increase in size
as the [Co/(Si + Co)] molar ratio varied from 0.1 to 0.3 (Fig. 1b). This
ﬁnding indicates that these particles agglomerated as they came into
close contact by adding greater amounts of Co(NO3)2·6H2O to the sol,
thus leading to larger crystals. We noticed that for [Co/(Si + Co)]
molar ratios above 0.3 the size of Co3O4 and Co crystallites remained
nearly constant.
Nitrogen sorption tests revealed that the higher the [Co/(Si + Co)]
molar ratio, the wider the hysteresis loop ascribed to the capillary con-
densation of nitrogen in mesopores (Fig. 4). As shown in Fig. 1b, the in-
crease of this molar ratio causes the formation of larger Co3O4 crystals.
Since these materials usually show low speciﬁc surface areas when
compared to amorphous silica, it would be expected that the higher
their concentration in the silica framework, the lower the speciﬁc sur-
face area of the prepared sample. The reduction of these samples
under hydrogen atmosphere resulted in a slight increase in their specif-
ic surface areas (Fig. 4a and b). In addition, the broadening of the hyster-
esis loop after the reduction step (Fig. 4) could be associated withoxygen atoms leaving the Co3O4 particles, thus forming a molecular
gap between the silica framework and the metallic Co. An additional
factor for the wider hysteresis loop could be attributed to the presence
of particle agglomerates as observed in TEM micrographs (Fig. 7). This
process results in larger particles and increased pore volumes.
Air-calcined samples were shown to have higher total pore volumes
than hydrogen-reduced materials (Fig. 5c). XRD tests (Fig. 1a) revealed
that xerogels heat treated in a hydrogen atmosphere exhibited CoO in
their structures, which is a denser compound than silica or cobalt.
The lower pore volume shown by hydrogen-reduced samples could be
related to the formation of CoO. As observed in Fig. 5c, the increase of
the [Co/(Si + Co)] molar ratio up to 30% did not alter the total pore
volume of samples. Nonetheless, the increase of this molar ratio above
30% caused a great increase of the total pore volume, which was
associated with the broadening of the hysteresis loop in nitrogen
sorption isotherms (Fig. 4). This behavior could suggest that when the
[Co/(Si + Co)] molar ratio is lower than 30%, cobalt particles (oxides
or metallic cobalt) tend to be dispersed within the silica matrix in dis-
crete domains. When this molar ratio is raised to above 30%, the proba-
bility of cobalt particles to agglomerate and increase in size also
increases. As a result, this process shifts the framework of the processed
samples from a microporous structure to a mesoporous one. Igi et al.
[34] reported that cobalt can exist in the silica matrix as an ionic
metal, small crystals that cannot be observed by XRD or covalently
bonded to Co giving rise to Si\O\Co bonds.
6 D.C.L. Vasconcelos et al. / Journal of Non-Crystalline Solids 378 (2013) 1–6Hydrogen chemisorption tests revealed that both the total and irre-
versible hydrogen uptakes increasedwith increasing the [Co/(Si + Co)]
molar ratio (Fig. 6a). This trend is reasonable as hydrogen physisorption
on the silica surface generally occurs at low coverages [35,36]. Hence,
the increase of the hydrogen adsorption is directly related to the con-
centration of cobalt. In addition the irreversible hydrogen uptake can
be attributed to the cobalt adsorption since the hydrogen amount re-
leased under the tested conditions greatly reduced as the cobalt con-
centration in the silica matrix increased. It was also observed that the
greater this molar ratio, the lower the dispersion of cobalt particles
and the higher the cobalt concentration (Fig. 6b). The decrease of the
dispersion of cobalt particles when the [Co/(Si + Co)] molar ratio is in-
creased correlates well with the results depicted in Fig. 1b.
5. Conclusions
Upon reduction in hydrogen atmosphere, the Co3O4 phase was no
longer apparent in cobalt-doped silicas heat treated in air, leading to
the formation of metallic Co and CoO. The size of the crystallites gener-
ally increased as a function of the [Co/(Si + Co)]molar ratio. In a similar
fashion, the increase of this molar ratio resulted in a change in the tex-
ture of the obtained samples from microporous to mesoporous. This
was attributed to a pore widening effect due to particle agglomeration.
In the case of the hydrogen reduced samples, this effect was related to
the formation of metallic Co and CoO. Finally, hydrogen chemisorption
increased with the cobalt content embedded in the silica matrix.
Acknowledgments
The authors thank CNPq/CAPES for the ﬁnancial support to this re-
search. They also thank UFMG Microscopy Center for the technical
support in the TEM tests.
References
[1] W. Xu, D. Chen, J. Ren, G. Chen, J. Non-Cryst. Solids 358 (2012) 3065–3068.
[2] M. Farouk, A. Samir, F.Metawe,M. Elokr, J. Non-Cryst. Solids 371–372 (2013) 14–21.
[3] F. Jiao, H. Frei, Angew. Chem. Int. Ed. 48 (2009) 1841–1844.
[4] V.L. Chandraboss, S. Senthilvelan, L. Natanapatham, M. Murugavelu, B. Loganathan,
B. Karthikeyan, J. Non-Cryst. Solids 368 (2013) 23–28.[5] V.A. Moshnikov, I. Gracheva, A.S. Lenshin, Y.M. Spivak, M.G. Anchkov, V.V.
Kuznetsov, J.M. Olchowik, J. Non-Cryst. Solids 358 (2012) 590–595.
[6] B.J.R. Swamy, B. Sanyal, Y. Gandhi, R.M. Kadam, V. Nata Rajan, P. Raghava Rao, N.
Veeraiah, J. Non-Cryst. Solids 368 (2013) 40–44.
[7] A. Zacco, A. Gianoncelli, R. Ardesi, S. Sacrato, L. Guerini, E. Bontempi, G. Tomasoni,
M. Alberti, L.E. Depero, Clean Technol. Environ. Policy 14 (2012) 291–297.
[8] P. Ramesh Babu, R. Vijay, P. Srinivasa Rao, P. Suresh, N. Veeraiah, D. Krishna Rao,
J. Non-Cryst. Solids 370 (2013) 21–30.
[9] C. Yacou, S. Smart, J.C. Diniz da Costa, Energ. Environ. Sci. 5 (2012) 5820–5832.
[10] C.R. Miller, D.K. Wang, S. Smart, J.C.D. da Costa, Sci. Rep. 3 (2013) 1–6.
[11] A. Khanna, A. Saini, B. Chen, F. González, C. Pesquera, J. Non-Cryst. Solids 373–374
(2013) 34–41.
[12] K.L. Sahoo, R. Sahu, J. Non-Cryst. Solids 365 (2013) 33–36.
[13] B. Svecova, P. Nekvindova, A. Mackova, P. Malinsky, A. Kolitsch, V. Machovic, S.
Stara, M. Mika, J. Spirkova, J. Non-Cryst. Solids 356 (2010) 2468–2472.
[14] R.J. Green, A. Hunt, D.A. Zatsepin, D.W. Boukhvalov, J.A. McLeod, Z. Kurmaev, N.A.
Skorikov, N.V. Gavrilov, A. Moewes, J. Non-Cryst. Solids 358 (2012) 3187–3192.
[15] M. Noguchi, H. Kazama, A. Katoh, Y. Uchida, K. Matsui, J. Non-Cryst. Solids 357
(2011) 2966–2969.
[16] J. Zhong, W. Xiang, X. Liang, Z. Chen, W. Zhao, J. Non-Cryst. Solids 361 (2013)
124–129.
[17] L.L. Hench, W.L. Vasconcelos, Annu. Rev. Mater. 20 (1990) 269–298.
[18] E. Iglesia, S.L. Soled, J.E. Baumgartner, S.C. Reyes, Top. Catal. 2 (1995) 17–27.
[19] S. Battersby, M.C. Duke, S. Liu, V. Rudolph, J.C. Diniz da Costa, J. Membr. Sci. 316
(2008) 46–52.
[20] S. Battersby, T. Tasaki, S. Smart, B. Ladewig, S. Liu, M.C. Duke, V. Rudolph, J.C. Diniz
da Costa, J. Membr. Sci. 329 (2009) 91–98.
[21] S. Battersby, S. Smart, B. Ladewig, S. Liu, M.C. Duke, V. Rudolph, J.C. Diniz da Costa,
Sep. Purif. Technol. 66 (2009) 299–305.
[22] H. Mori, T. Nagano, S. Fujisaki, T. Sumino, Y. Iwamoto, Proc. 9th Int. Conf. Inorg.
Membr. 496–498.
[23] J. Román, S. Padilla, M. Vallet Regí, Chem. Mater. 15 (2003) 798–806.
[24] H.Y. Jung, R.K. Gupta, E.O. Oh, Y.H. Kim, C.M. Whang, J. Non-Cryst. Solids 351
(2005) 372–379.
[25] B.C. Smith, Infrared Spectral Interpretation: A Systematic Approach, ﬁrst ed. CRC
Press, New York, 1998.
[26] S. Portal, R.M. Almeida, Phys. Status Solidi A 201 (2004) 2941–2947.
[27] R.M. Almeida, G.S. Pantano, J. Appl. Phys. 68 (1990) 4225–4232.
[28] B. Pejova, A. Isahi, M. Najdoski, I. Grozdanov, Mater. Res. Bull. 36 (2001) 161–170.
[29] L.T. Zhuravlev, Colloids Surf., A 173 (2000) 1–38.
[30] I.S. Berezovska, V.V. Yanishpolskii, V.A. Tertykh, J. Therm. Anal. Calorim. 94 (2008)
649–653.
[31] H.K. Lin, H.C. Chiu, H.C. Tsai, S.H. Chien, C.B. Wang, Catal. Lett. 88 (2003) 169–174.
[32] Z. Lendzion Bielun, M. Podsiadly, U. Narkiewicz, W. Arabczyk, Rev. Adv. Mater. Sci.
12 (2006) 145–149.
[33] K.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscou, R.A. Pierotti, J. Rouquérol, T.
Siemieniewska, Pure Appl. Chem. 57 (1985) 603–619.
[34] R. Igi, T. Yoshioka, Y.H. Ikuhara, Y. Iwamoto, T. Tsuru, J. Am. Ceram. Soc. 91 (2008)
2975–2981.
[35] R.S.A. de Lange, K. Keizer, A.J. Burggraaf, J. Membr. Sci. 104 (1995) 81–100.
[36] J.C. Diniz da Costa, G.Q. Lu, V. Rudolph, Y.S. Lin, J. Membr. Sci. 198 (2002) 9–21.
